ZFHX1A is expressed in proliferating cells in the developing embryo, and in the present study we provide evidence that its expression is confined to proliferating cells through dependence on the Rb (retinoblastoma protein) family/E2F cell cycle pathway. Mutation of the Rb or E2F1 genes lead to induction of ZFHX1A mRNA, implying that the Rb-E2F1 repressor complex is important for repression of ZFHX1A. This repression is associated with recruitment of an E2F-Rb-histone deacetylase repressor complex to the promoter. A dominant-negative form of E2F1 inhibited ZFHX1A expression in p16INK4a(−) cells where Rb is constitutively hyperphosphorylated and inactive, suggesting that E2F can contribute to ZFHX1A transactivation in the absence of functional Rb. ZFHX1A is an E-box-binding transcription factor whose binding sites overlap with those bound by Snail1 and 2, and ZFHX1B/SIP1 (leading to at least partially overlapping function; for example, each of the proteins can repress E-cadherin expression). We found that expression of Snail1 and ZFHX1B/SIP1 is also regulated by E2Fs, but in contrast with ZFHX1A this regulation is Rb-family-independent. Snail2 expression was unaffected by either E2F or the Rb family. We propose that the differential effects of the Rb family/E2F pathway on expression of these E-box-binding proteins are important in maintaining their distinct patterns (and thus distinct functions) during embryogenesis.
INTRODUCTION
ZFHX1A (δEF1, ZEB1, TCF8, Zfhep) and ZFHX1B/SIP1 constitute a family of zinc finger homeodomain transcription factors whose function is conserved from Drosophila to humans. In Drosophila only a single family member is present (ZHF-1) [1] , which appears to have diverged into two members in vertebrates [2, 3] . Using common zinc finger domains, these factors bind to the same set of E-box-like sequences at target genes [3] , and these sites overlap with those bound by the Snail family [4, 5] . ZFHX1A/B and Snail proteins can each repress transcription, at least in part, through recruitment of the CtBP (C-terminal-binding protein) co-repressor, which is a component of a larger repressor complex containing HDAC (histone deacetylase) and polycomb proteins [4] [5] [6] . Although ZFHX1A/B and Snail proteins appear to be expressed in different subsets of cells and at different developmental times, each of the proteins has been shown to repress E-cadherin (an epithelial marker), to be overexpressed in different cancers and to cause epithelial-tomesenchymal transition [4, [7] [8] [9] [10] , implying that they have at least partially overlapping functions in vivo.
ZFHX1A can also serve as a transcriptional co-activator [11] [12] [13] . Co-activator function results, at least in part, from association with the histone acetyl transferase p300, which acetylates histones and disrupts inhibitory nucleosomes [10, 14] . p300 also acetylates other transcription factors, and it has been demonstrated that this acetylation inhibits CtBP binding [15] , suggesting a model whereby recruitment of p300 switches ZFHX1A from a CtBP-dependent repressor to a co-activator by blocking CtBP binding. This association with p300 only appears to occur when a second co-activator such as SMAD [TGF-β (transforming growth factor β) superfamily signalling mediators], which also associates with and is dependent upon p300, is present [14, 16, 17] . The proposed role for ZFHX1A in transcriptional activation is then to stabilize a Smad-p300 complex at the promoter of target genes. Consistent with this connection to SMADs, a recent study demonstrated an important role for ZFHX1A in TGF-β-mediated smooth muscle cell gene transcription in vivo [18] .
ZFHX1A is present in muscle and skeletal progenitors as well as proliferating regions of the CNS (central nervous system) and migrating cranial neural crest ([10] and references therein). Further, ZFHX1A is also present in articular, meniscal and growth plate cartilage in the adult, where it can repress expression of CD-RAP (cartilage-derived retinoic-acid-sensitive protein) [19] . Loss of ZFHX1A leads to skeletal defects including shortened limbs, skeletal curvature and fusions, as well as craniofacial and eye defects characteristic of impaired cranial neural crest (defects resembling those seen when later stage embryos are exposed to retinoic acid) [20] [21] [22] . A subset of embryos have dramatic CNS defects including failure of neural tube closure at both caudal and cranial ends, and exencephaly. Heterozygous mutation of ZFHX1A leads to posterior polymorphous corneal dystrophy, in which there is a pathological epithelization of the corneal endothelium [23] .
It has been shown that ZFHX1A is expressed in proliferating cells in developing mice and in cell culture [2] . Furthermore, knocking down ZFHX1A expression inhibited proliferation of cells in culture [24] , implying that ZFHX1A may have a role in cell proliferation. In the present study, we provide evidence that expression of ZFHX1A in proliferating cells is linked to its direct regulation by Rb (retinoblastoma protein) and E2F1.
EXPERIMENTAL

Cells and cell culture
Rb family TKO (triple knockout) MEFs (mouse embryonic fibroblasts) and control wild-type fibroblasts were from Dr T. Jacks and Dr J. Sage (Cancer Center, M.I.T., Cambridge, MA, U.S.A.). Three independent TKO and wild-type isolates were used with similar results. E2F1-null cells were from Dr D. Johnson (Department of Carcinogenesis, University of Texas MD Anderson Cancer Center, Smithville, TX, U.S.A.) and Rb heterozygous and null cells were from Dr G. Leone (Human Cancer Genetics, The Ohio State University, Columbus, OH, U.S.A.). U2OS cells expressing IPTG (isopropyl β-D-thiogalactoside)-inducible p16INK4a were described previously [34] , as were the U2OS cells expressing both IPTG-inducible p16INK4a and mER-DB-E2F [36] . U2OS cells were cultured with 1 mM IPTG in the medium for either 1 or 3 days to induce p16INK4a, or with 100 nM OHT (tamoxifen) for 1 day to induce mER-DB-E2F expression. For combined treatments, cells were treated with IPTG for 1 day, and then OHT was added along with IPTG for an additional day.
RNA extraction and real-time PCR
Total cellular RNA was extracted using TRIzol ® solution (Invitrogen). Using Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/ primer3.cgi), primer sets were designed to generate 100-200 bp PCR products that bridged two separate exons. Primer location and sequence, T m (melting temperature) and PCR product sizes are listed in Supplementary Table 1 (see http://www.BiochemJ. org/bj/408/bj4080079add.htm). First-strand cDNA synthesis was carried out in 20 µl reaction volumes containing 5 µg of total RNA, 500 ng of random hexamers, 10 mM dithiothreitol, 500 µM dNTP mix, 40 units of RNaseOUT TM ribonuclease inhibitor and 200 units of M-MLV RT (reverse transcriptase) at 37
• C for 1 h according to the manufacturer's protocol (Invitrogen). Realtime quantitative PCR was performed in 25 µl reaction volumes containing 0.25 µl aliquots of cDNA, gene-specific primer pairs and SYBR Green I fluorescent dye (Molecular Probes) in an Mx3000P Real-Time PCR System (Stratagene), according to the manufacturer's protocol. The PCR cycle parameters were set at 95
• C for 20 s, 60
• C for 30 s and 72
• C for 30 s, for a total of no more than 45 cycles. The fluorescent intensity of SYBR Green was monitored at the end of each extension step; relative amounts of the target cDNA were estimated by the Ct (threshold cycle) number, and compared with two control genes, β-actin and GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Three independent samples were analysed for each condition and/or cell type, and each sample was compared in at least three independent RT-PCR amplifications.
Transfection assays
The ZFHX1A promoter was amplified by PCR of human genomic DNA with the Expand High Fidelity PCR System (Roche) with a specific upstream primer (5 -GTGGGGTGGGGTCAATTCCA-TAGTC) and a primer within exon 1 (5 -TCCGCCATGATCCT-CTCGCTTGT). A fragment of the promoter from − 913 to + 44 was cloned into pGL3-luciferase (Z1p.1000Luc) and 5 truncations were created, Z1p.359Luc, Z1p.212Luc and Z1p.133Luc, by standard cloning methods. All constructs were sequenced to make sure that errors did not occur during the PCR amplification process. U2OS cells stably expressing OHTinducible mER-DB-E2F were used for transient transfections to directly test ZFHX1A promoter activity. The cells were plated at 1.5 × 10 5 cells per well in 12-well plates, and transfected with Lipofectamine TM 2000 (Invitrogen) in serum-free medium. Transfections were performed in triplicate, and included 400 ng of the human ZFHX1A promoter-luciferase construct, and 100 ng of CMV (cytomegalovirus)-β-galactosidase DNA (Clontech) as a control for transfection efficiency. Where indicated, 100 mM OHT was added the next morning. At 2 days after transfection, cellular lysates were used for luciferase and β-galactosidase assays. Experiments were pooled and differences between groups were tested by ANOVA followed by a Student's t test to identify significant differences.
ChIP (chromatin immunoprecipitation) assay
ChIP assays were based on the UpState protocol (http://www. upstate.com/misc/protocol) using formaldehyde to crosslink genomic DNA. The chromatin was sheared to an average length of 300-500 bp. Monoclonal antibodies against Rb (Santa Cruz sc-50), E2F1 (Santa Cruz sc-193), E2F4 (Santa Cruz sc-866) and polyclonal antiserum against ZFHX1A [46] were used for immunoprecipitation. Equal amounts of anti-IgG or pre-immune serum were used as controls. The sequence and locations of primers (for ZFHX1A and GAPDH promoters and the ZFHX1A downstream sequence) and the expected size of the PCR products are shown in the Supplementary Tables at http://www. BiochemJ.org/bj/408/bj4080079add.htm. ChIP PCR reactions were similar to those described above for real-time PCR, but with additional 1 % BSA and 1 % DMSO, and the PCR programmes usually had a higher annealing temperature (e.g. 60-68
• C) and a longer extension time (e.g. 1 min).
RESULTS
Dependence of ZFHX1A expression on p16INK4a and E2F
ZFHX1A (and its Drosophila homologue ZFH-1) is expressed in proliferating progenitors that give rise to the skeleton and muscle, as well as the CNS and the eye, and this expression is lost as cells differentiate and become post-mitotic [1] [2] [3] 10, 22, [24] [25] [26] [27] [28] [29] . Defects have been observed in ZFHX1A-null mice in the developing skeleton, cornea and in the CNS (in a subset of the embryos). Knockdown of ZFHX1A led to inhibition of cell proliferation, suggesting a role for the protein in cell proliferation [24] .
We wondered how ZFHX1A might be confined to proliferating cells. A key regulator of cell proliferation is the Rb family/E2F pathway (reviewed in [30, 31] ), thus we hypothesized that dependence on this pathway might be responsible for linking ZFHX1A expression to cell proliferation. Rb family members interact with DNA and histone-modifying enzymes to form repressor complexes which are targeted to genes through interaction with the E2F family of DNA-binding proteins [30] [31] [32] . These repressor complexes can block transactivation by E2Fs, and they trigger assembly of a heterochromatin-like conformation that further inhibits transcription [33] .
To determine whether ZFHX1A expression might be dependent upon Rb family members and E2Fs, we initially used a human Rb(+), p16INK4a(−) osteosarcoma cell line, U2OS, that expresses the cdk (cyclin-dependent kinase) inhibitor p16INK4a under the control of an IPTG-inducible promoter. We have described these cells previously [34] . p16INK4 blocks activity of cdk4 and 6, thereby specifically triggering accumulation of hypophosphorylated (active) Rb family members [35] . In the absence of IPTG and thus p16INK4a expression, Rb is constitutively hyperphosphorylated and inactive in these cells [34] . Treatment with IPTG led to inhibition of ZFHX1A expression, as it did with a known control cell cycle target gene, ribonucleotide reductase ( Figures 1A and 1B ). These results demonstrate that ZFHX1A expression is repressed when the Rb family is activated in response to p16INK4a in these cells.
To address a potential role for E2F, we used a dominantnegative-like form of E2F1 containing a DNA-binding domain (termed DB) but lacking transactivation and Rb-family-binding domains (Figure 1) . We have used E2F-DB to displace E2F and Rb family-E2F complexes from genes previously [34] , and the use of this construct has been reviewed recently [32] . To create this construct, E2F-1-DB was fused to a modified OHT-dependent oestrogen receptor (termed mER), and stably co-expressed into U2OS cells along with the IPTG-inducible p16INK4a vector. This cell system has been described in detail previously [36] . Upon treatment with OHT, the mER-DB-E2F fusion protein translocates from the cytoplasm to the nucleus, where it efficiently displaces E2Fs from target genes, based on ChIP assays [36] . As a control, treatment of the parent cells in this system (cells not expressing mER-DB-E2F) with OHT did not lead to significant changes in gene expression [36] .
Treatment of cells with OHT activated the ribonucleotide reductase gene, and it also reversed the repression of ribonucleotide reductase seen when p16INK4a was induced by IPTG ( Figure 1A ). By contrast, we found that OHT inhibited ZFHX1A expression and repression by p16INK4a was not reversed by OHT treatment (Figure 1B ). Because ZFHX1B/SIP1, Snail1 and Snail2 (slug) bind similar E-box-like sequences and appear to have at least partially overlapping functions with ZFHX1A, we investigated whether these genes were also dependent upon p16INK4a and E2F. We found no effect of p16INK4a expression or activation of mER-DB-E2F on the expression of Snail2 ( Figure 1E ). However, both ZFHX1B and Snail1 were induced by mER-DB-E2F ( Figures 1C  and 1D ), suggesting that, as with ribonucleotide reductase, E2F is participating in repression of these genes. However, expression of these genes was unaffected by p16INK4a expression. Thus Snail1 and ZFHX1B/SIP1 are regulated by E2F but they appear to be unaffected by Rb family member activation.
Induction of p16INK4a and repression of ZFHX1A occurs sequentially as MEFs are passaged in culture
As MEFs are passaged in culture, they express p16INK4a and ARF (alternate reading frame protein) from the INK4a locus [35, 37] . Expression of these proteins leads to accumulation of hypophosphorylated Rb family members, and with time the cells undergo a permanent arrest (senescence) [33, 37] . We compared the time course of p16INK4a mRNA expression with that of ZFHX1A during passage (denoted P) of MEFs in culture. p16INK4a mRNA was low at P2; however, it was significantly induced by P4 and further induced at P6 (Figure 2A ). By contrast, ZFHX1A mRNA expression remained unchanged until P6, when it was repressed. Consistent with their lack of sensitivity to p16INK4a expression above, Snail1 and 2 expression did not change with passage number (and ZFHX1B expression was 
Figure 3 Mutation of Rb family members leads to induction of ZFHX1A, but not ZFHX1B or Snail family members
Gene expression was analysed in wild-type (wt) and TKO MEFs by real-time PCR. TKO cells were at P7 and wt cells were at P2. Results were normalized to β-actin expression. Similar results were seen on normalization to GAPDH. moderately induced at P6) ( Figure 2B ). These results are consistent with the notion that ZFHX1A is repressed following p16INK4a expression (as above when p16INK4a was overexpressed in U2OS cells).
Mutation of the Rb family leads to induction of ZFHX1A
To examine the role of the Rb family more specifically, we used a second model system; MEFs derived from mice where all three Rb family member genes had been mutated (TKOs) [38] . Consistent with an inhibitory role for Rb family members in ZFHX1A expression (e.g. repression when p16INK4a was induced above), the mRNA was induced in the TKO MEFs compared with wildtype cells (Figure 3) . By contrast, expression of ZFHX1B/SIP1 and Snail1 mRNA was not induced, consistent with the findings above that p16INK4a expression did not lead to repression of these genes (Figures 1 and 2 ).
Rb and E2F1 participate in repression of ZFHX1A
We investigated whether Rb specifically was important for regulation of ZFHX1A expression. MEFs in which one or both Rb genes were mutated were compared with wild-type cells for expression of ZFHX1A mRNA using real-time PCR ( Figure 4A ). We found that mutation of a single copy of the Rb gene was sufficient for induction of ZFHX1A mRNA.
Next, we investigated whether E2F1 was important for regulation of ZFHX1A expression. MEFs in which both E2F1 genes were mutated were compared with wild-type control cells for ZFHX1A mRNA expression. As with the Rb mutation, we found induction of ZFHX1A mRNA in the E2F1-null cells ( Figure 4B ). 
The ZFHX1A promoter is dependent upon E2F in transfection assays
To investigate whether the ZFHX1A promoter was dependent upon E2F, we initially transfected a series of promoter deletion constructs into the U2OS cells stably expressing mER-DB-E2F, and measured transcription in the presence or absence of OHT (to activate this dominant-negative E2F). Deletion from − 400 to − 212 bp significantly activated the promoter, suggesting removal of a negative element ( Figure 5A ). However, promoter activity in the presence or absence of this negative element was inhibited by OHT, hence E2F binding appeared to be required for promoter activity. This OHT dependence was maintained upon deletion to − 133 bp; however, OHT dependence was lost upon further deletion to − 12 bp, which leaves only the TATA box. Next, we deleted the GC-rich region between − 12 and − 57 bp leaving the sequence between − 57 and − 133 bp upstream of the TATA box. This construct remained OHT-dependent ( Figure 5A ), demonstrating that the sequence between − 57 and − 133 bp is sufficient for responsiveness. The E2F-dependent sequence is located between − 57 and − 133 bp.
Comparison of the mouse, dog and human ZFHX1A promoter sequences revealed a conserved consensus E2F-like-binding site within the responsive region ( Figure 5B ). Additional E2F-like consensus sequences were also evident further upstream in each of the species. However, it is of note that E2F sites are difficult to identify in vivo using a classic consensus sequence. Indeed, it was found that only 5 % of such consensus sequences in the genome are bound to E2F1 and, perhaps more importantly, only 12 % of sites bound by E2F1 show this consensus sequence [39] .
The ZFHX1A gene binds E2F, Rb and HDAC in vivo
Because of the difficulty in identifying E2F-binding sites in vivo on the basis of sequence prediction and more importantly to determine whether the ZFHX1A promoter actually binds E2F and Rb in vivo, we examined the ZFHX1A promoter using ChIP assays. Two E2F family members, E2F1 and E2F4, were tested. We used PCR primers for the ChIP assays that spanned the promoter region between − 133 and − 57 bp. Both E2F1 and E2F4 were detected at the ZFHX1A promoter in wild-type cells ( Figure 6A ). Interestingly, both E2Fs were also detected at the promoter in TKO cells. E2F4 lacks a nuclear localization signal, and previously it has been thought that its appearance in the nucleus was dependent upon the interaction with an Rb family member [40] . However, recent studies demonstrate that E2F4 is present at a number of genes in the absence of Rb family members [41] . Rb was also detected at the promoter in wildtype cells, but not in TKOs ( Figure 6A ). As negative controls, no E2F or Rb binding was detected at the GAPDH gene or at a sequence downstream of the promoter within the ZFHX1A gene ( Figures 6B and 6C) . As a positive control, histones H3 and H4 were detected at these control sequences.
It has been demonstrated previously that the Rb family can assemble repressor complexes including HDACs (reviewed in [31] ), which remove inhibitory acetyl groups from histones, allowing them to assemble into transcriptionally repressive nucleosomes. We found that HDAC2 was recruited along with Rb and E2F to the ZFHX1A promoter in wild-type cells but not in TKOs (Figure 6A) , consistent with the formation of an E2F-Rb-HDAC repressor complex at the ZFHX1A promoter in wildtype cells. Next, we investigated whether there was an increase in histone acetylation at the ZFHX1A promoter in the TKO cells, where Rb and HDAC2 are not recruited. We did not observe any change in overall acetylation of histone H3 or H4 at the promoter ( Figure 6A ). However, recruitment of HDAC may only affect histone acetylation in the immediate region of recruitment, such that global histone acetylation changes are not evident throughout the promoter. For example, at the cyclin E promoter, recruitment of Rb-HDAC has been shown to mediate repression by affecting histone acetylation at only a single adjacent nucleosome [42] .
DISCUSSION
New studies are expanding Rb family/E2F target genes beyond the original set of cell cycle genes. Moreover, the roles for Rb family-E2F complexes appear to vary at these target genes. Generally, there are several categories of genes (probably a number of more complexities as well) [41] . One category consists of genes that are only repressed by Rb family-E2F when cells are growtharrested by p16INK4a expression or upon serum starvation. A second and surprising category consists of genes which are constitutively repressed in a cell-cycle-independent fashion (no further repression of these genes is evident when p16INK4a is expressed or upon serum starvation). Another category consists of genes that are partially repressed by Rb family-E2F in proliferating cells, but are further repressed on cell arrest (e.g. via p16INK4a expression or serum starvation). It appears that ZFHX1A falls into this third category. Although its expression is repressed upon expression of p16INK4a, it is also induced in proliferating cells by Rb family mutation.
We suggest that an Rb-E2F1-HDAC repressor complex is important for repression of ZFHX1A. Additionally, in the absence of functional Rb [e.g. in the p16INK4a(−) U2OS cells] it appears that E2Fs can contribute to transactivation of ZFHX1A. However, as discussed above, it appears that assembly of Rb-familydependent repressor complexes is not confined solely to arrested cells, and indeed we see evidence of ZFHX1A induction when Rb is mutated in proliferating cells. It is of note that acutely inactivating E2F activity with DB-E2F leads to down regulation of ZFHX1A in human U2OS cells, whereas ZFHX1A expression was induced in E2F1 mutant mouse cells. Therefore it is also possible that there may have been compensation from loss of E2F1 from another E2F family member in the E2F1 mutant cells, or these observations may reflect differences between mouse and human cells. p16INK4a expression is induced as mice age, and this is associated with senescence of stem cells in various tissues [43] [44] [45] . In a fashion analogous to p16INK4a, other cdks are important in regulating Rb family hyperphosphorylation to trigger the cell cycle arrest classically seen as progenitor cells undergo differentiation in vivo [35, 37] . Thus other cdk inhibitors may be crucial in controlling ZFHX1A expression during embryonic development.
Interestingly, in contrast with ZFHX1A, Snail1 and ZFHX1B/ SIP1 are repressed by E2F, and they are unaffected by the Rb family. Although E2Fs 1-5 can bind Rb family members, E2Fs 6-8 appear to be Rb-family-independent repressors (reviewed in [40] ). Therefore it is possible that Snail1 and ZFHX1B might be repressed by such Rb-family-independent E2Fs. Alternatively, the effects on Snail1 and ZFHX1B may be indirect. Previously, a microarray-based assay was used to identify genes directly regulated by E2F (e.g. genes regulated when mER-DB-E2F was activated by OHT in the presence of CHX) [36] . Neither Snail1 nor ZFHX1B/SIP1 was identified as a direct E2F target in these studies, however, ZFHX1A was. Although these are negative results regarding Snail1 and ZFHX1B/SIP1, they may point toward an indirect mechanism for E2F in the regulation of the genes. Nevertheless, the differential dependence of the Snail1/2 and ZFHX1A/B genes on Rb family-E2F is interesting, and it may have implications for dictating the patterns of expression of these genes. Establishing distinct patterns for these genes may be particularly important because they bind a similar set of E-boxes, and they are also each dependent upon on the same co-repressor, CtBP. Taken together, these results imply that the four proteins are capable of targeting a similar subset of genes (e.g. E-cadherin) and perhaps repressing them through a similar mechanism (CtBP). Thus their unique functions in vivo may be dependent significantly on when and where they are expressed during development.
